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ABSTRACT 
Pigmented and nonpigmented murine melanoma cells in culture were irradiated with 
ultraviolet light (365 nm) in the presence of tritiated trim ethyl psoralen ( 3H TMP) and 
cellular DNA was extracted. For each cell type, regardless of the presence of pigment, the 
rates of covalent binding of 3H TMP to DNA and the saturation points reached were the 
same. The formation by irradiation of both monofunctional and bifunctional (cross-linking) 
adducts of TMP with cellular DNA was demonstrated by the resistance to enzymic and 
chemical hydrolysis of the DNA- 3H TMP complex and by the pattern of elution of extracted 
DNA from hydroxyapatite columns. These studies suggest that packaged intracellular 
melanin pigment has limited ability to protect cellular DNA from this type of photome-
diated injury. 
The capacity of cutaneous cells to sustain and 
defend against DNA injury mediated by radiation 
from the ultraviolet light spectrum has attracted 
the interest of many investigators. In xeroderma 
pigmentosum (XP), the human disease, extreme 
sensitivity to sunlight is associated with the early 
development of malignant skin tumors [1 J. Cul-
tured cutaneous cells from patients with XP 
irradiated at 260 nm demonstrate a reduced 
capacity to excise UV-induced thymine dimers 
from DNA presumably because of the heritable 
cellular deficiency of an endonucleolytic enzymic 
activity [2 J. The molecular basis for cutaneous 
photosensitization at 365 nm with the synthetic 
furocoumarin, 4, 5' 8 trim ethyl psoralen (TMP), 
widely used in the treatment of the depigmenting 
disease, vitiligo, seems to be the formation of 
covalently linked adducts of TMP with pyrimi-
dine moieties of cellular nucleic acids [3, 4 ]. 
Further studies of the nature of this interaction 
showed that TMP forms bifunctional as well as 
monofunctional photoaddition products and pro-
duces interstrand cross-links in native DNA [5 ]. 
The known biologic consequences of the photome-
diated interaction of TMP and DNA include 
effects upon DNA replication, transcription, mu-
tagenesis, and cell function [4-9]. Normal bacte-
rial cells repair the TMP-DNA complex by exci-
sion and recombination [10]. Some evidence sug-
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gests that mammalian cells can also repair this 
complex [4 ], and it is now reported that cultured 
fibroblasts from patients with xeroderma pigmen-
tosum cannot do so [11 ]. The studies reported in 
this paper are concerned with the defenses of 
pigment cells against the photomediated binding 
of TMP to cellular DNA and deal especially with 
the effect of pigment on the process. 
MATERIALS AND METHODS 
Tritiated trimethyl psoralen. The synthetic furocou-
marin 4, 5' 8 trimethyl psoralen (Lot 16848), a gift of the 
Paul B. Elder Company, Bryan, Ohio, was labeled with 
tritium by New England Nuclear, using the catalytic 
exchange method. Labeled impurities were removed 
from the 3H trimethyl psoralen ( 3H TMP) by thin-layer 
chromatography on Chromar Sheet 500 (Mallinckrodt, 
previously washed with methanol), using chloroform as 
solvent. The Rr value of TMP in this system was 0.26. 
The chromatogram was dried; the band of 3H TMP was 
cut out and eluted in ethanol. The specific activity of the 
ethanol solution of purified compound used in experi-
ments was 2.5 x 109 cpm/timole TMP. 
Growth of cells. Cloudman mouse melanoma cells 
were supplied by the American Type Culture Collection, 
Bethesda, Maryland, as the pigmented (catalog No. 
53.1) and nonpigmented (catalog No. 52) types. Cell 
lines were cultured in closed 30-ml or 250-ml plastic 
Falcon flasks using Gibco BME medium (for nonpig-
mented cells) or Gibco F-10 medium (for pigmented 
cells) supplemented with 10% horse serum, 50 units/ml 
penicillin and 50 tigm/ml streptomycin in an atmosphere 
of 5% C0 2 and air. The culture medium was changed 
every two to three days and cells were divided once each 
week. 
In order to prepare DNA from melanoma cells labeled 
with tritium, cells were grown in media to which 
thymidine-methyl 3H (2 tJCi/ml) was added. Radioac-
tive medium was changed every 48 hr and cells were 
harvested after two to five days. 
Isolation of DNA. Cloudman mouse melanoma cells 
were harvested by brief exposure to pancreatic Trypsin 
(Difco) 0.25% in calcium-free and magnesium-free Ty-
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rode's solution, gently washed and, at a concentration of 
1-1.5 x 106 cells/ml, were resuspended in 2 ml of a buffer 
containing 3 X 10- 2 M K2HP04; 2 X 10- 2 M NaCl and 
10- 3 M KEOTA. Cells were lysed by the addition of 
detergent to give a final concentration of either 0.1% 
Sarkosyl (Geigy) or 0.851% sodwm dodecyl sulfate. The 
water-clear solution was then incubated at 37° C for 30 
min in the presence of 1.7 x 10 6 M RNase (Ribonu-
clease A from bovine pancreas supplied by Sigma 
Corporation) and 1.7 x 10 6 M pronase (streptomyces 
griseus protease supplied by Calbiochem Company, 
heated for 5 min in a boiling water bath). The solution 
was then extracted three times at room temperature 
with phenol (Baker) that had been redistilled and 
equilibrated with 3 X 10- 2 M K2HPO., 2 X 10- 2 M 
NaCl and 10- 3 M KEOTA. The aqueous phase, contain-
ing DNA, was extensively dialyzed against 10 2 M 
Tris-HCl, pH 7.5, and 10- 3 M KEOTA. The concentra-
tion of DNA, determined by optical density as well as by 
the diphenylamine assay of Giles and Myers [12], was 
expressed as moles of DNA nucleotide and as grams of 
DNA. 
Source of ultraviolet irradiation. A Spectroline, model 
XX-15 black light (Spectronics Corporation, Westbury, 
Long Island, New York) with maximum output at 365 
nm was utilized. As measured by ferrioxalate actinome-
try [13] 12 inches from the source, this lamp produced 
ultraviolet light at 100 ergs/mm 2/sec. 
Measurement of radioactivity. In most cases, radioac-
tivity in DNA due to bound 3H TMP was measured on 
aliquots (0.1 ml) of aqueous DNA solution in 10 ml of 
Aquasol scintillation fluid (New England Nuclear) and 
counted in a Packard Tri-Carb scintillation counter. 
Similarly, radioactivity in purified TMP was measured 
on aliquots (0.01 ml) of ethanolic solution in 10 ml of 
Aquasol scintillation fluid. However, fractions (.05-0.5 
ml) from hydroxyapatite columns were counted in 10 ml 
of a solution prepared by mixing 2000 ml toluene, 1200 
ml Triton X-100 (New England Nuclear), 140 ml Liqui-
fluor (Packard) and 334 ml H 20. 
Preparation of hydroxyapatite columns [14]. Equal 
volumes of solutions of 1 molar Na 2HP0 4 and 1 molar 
CaCl 2 were added slowly, with constant stirring, into a 
round-bottomed flask. The precipitate was allowed to 
settle, the supernatant decanted, sodium hydroxide 
(1 %) was added and the flask was heated (100° C) for 1 
hr. Before being used, the hydroxyapatite was washed 
with distilled water, boiled with 10- 2 and w-a M sodium 
phosphate, and finally resuspended in 10- 3 M sodium 
phosphate. Sodium phosphate solutions used in the 
preparation of hydroxyapatite were dilutions from a 
molar stock solution of sodium phosphate prepared by 
combining one-half mole of Na2HP0 4 (71 gm) and 
one-half mole NaH 2P04 (69 gm) in one liter of final 
solution. 
RESULTS 
The rate of incorporation in vivo of tritiated 
trimethyl psoralen ( 3H TMP) to DNA of UV-
irradiated pigmented (Fig. 1) and nonpigmented 
(Fig. 2) mouse melanoma cells was the same. 
Similar results (Fig. 3) were obtained when DNA 
was extracted from the pigmented or nonpig-
mented melanoma cells prior to exposure to UV 
light and TMP, indicating that saturation was 
achieved under the experimental conditions em-
ployed. 
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FIG. 1. Binding of trimethyl psoralen to DNA of 
irradiated nonpigmented melanoma cells. Nonpig-
mented Cloudman mouse melanoma cells were grown to 
confluence in several identical 30-ml closed culture 
f1asks. Tritiated trim ethyl psoralen ( 3H TMP) in ethanol 
was added to give a final concentration in culture media 
of 2.5 x 10 7 M TMP and 1.6% ethanol. After 15 min 
incubation in the dark, the closed culture flasks were 
irradiated at 365 nm (100 ergs/mm 2/sec) for 5 to 180 min. 
Immediately after irradiation, each flask was rinsed with 
media containing 2.94 x 10- 7 M unlabeled TMP. 
Taking care to avoid further light exposure, the cells 
were harvested and DNA was extracted. The specific 
activity of the DNA was expressed as moles of TMP per 
mole of DNA nucleotide and per gram of DNA. 
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FIG. 2. Binding of trimethyl psoralen to DNA of 
irradiated pigmented melanoma cells. Pigmented 
Cloudman mouse melanoma cells were grown in closed 
culture flasks and exposed to tritiated trimethyl psor-
alen (2.5 x 10- 7 M) and ultraviolet radiation (365 nm) as 
described in legend of Fig. 1. Cells were harvested and 
DNA was extracted. The specific activity of the DNA 
was expressed as moles of TMP per mole of DNA 
nucleotide and per gram of DNA. 
Electron micrographs of cross-sections of cul-
tured Cloudman pigmented melanoma cells grow-
ing in monolayer reveal that most melanosomes 
are located in dendritic processes and very few 
melanosomes overlie the cell nucleus:t. In de-
tached pigment cells with retracted dendrites, the 
nucleus would be more central to all cytoplasmic 
elements including melanosomes. However, when 
:j: Moellmann G, Carter DM: Unpublished observa-
tions. 
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FIG. 3. Binding in vitro of trimethyl psoralen to DNA 
from mouse melanoma cells irradiated at 365 · nm. 
Unlabeled DNA extracted from nonpigmented Cloud-
man mouse melanoma cells was added to BME media 
(giving a concentration of 0.254 ~m DNA nucleotide/ml) 
and placed in a 30-ml plastic culture flask. Tritiated 
trim ethyl psoralen ( 3H TMP) was added to a concentra-
tion of 3.67 X 10- 7 M and after 15 min incubation (37° 
C) in the dark the flask was exposed to ultraviolet 
irradiation (365 nm, 100 ergs/mm 2/sec). Aliquots (2 ml) 
were removed after 15 to 180 min of irradiation and 
extensively dialyzed against 10- 2 M Tris-HCl, pH 7.5, 
and 10-a M KEOTA. The specific activity of the DNA, 
expressed as moles of TMP per mole of DNA nucleotide 
and per gram of DNA, was plotted as a function of the 
time of irradiation. 
the kinetic experiments (Figs. 1 and 2) were re-
peated using melanoma cells that had rounded-
up and detached from culture flasks by the 
addition of KEDTA (5 X w-a M), similar r~sults 
were obtained and TMP was incorporated into the 
DNA of pigmented cells at the same rate and to 
the same level as into DNA of nonpigmented cells. 
The tritium-labeled trimethyl psoralen was truly 
bound to DNA by ultraviolet irradiation as shown 
by the resistance of the labeled material to hydrol-
ysis by RN ase and pronase and by the pattern of 
elution of the label from hydroxyapatite columns. 
Cell lysates adhere to hydroxyapatite (14 ]. Modi-
fications in the concentrations of sodium chloride 
and phosphate permit differential elution of pro-
tein, RNA, and DNA. The technique is especially 
useful in distinguishing double-stranded from sin-
gle-stranded DNA (Fig. 4). Since ultraviolet ir-
radiation promotes the formation of cross-links of 
TMP between the pyrimidine moieties in opposite 
strands of native DNA, the treatment renders 
DNA resistant to heat denaturation. Unlabeled 
DNA containing bound 3H TMP was extracted 
from UV -irradiated cultures of mouse melanoma 
cells, heated to 100° C and placed on a hydroxy-
apatite column. All tritium counts were eluted in 
the position of native DNA, indicating that all 
TMP label was bound to double-stranded DNA 
(Fig. 5). 
DISCUSSION 
These experiments demonstrate that irradiated 
mammalian pigment cells in culture incorporate 
the photosensitizing furocoumarin, trimethyl 
psoralen (TMP), into DNA. The procedures fol-
lowed also permit in vivo quantitation of this 
photomediated interaction and evaluation of the 
kinetics of the binding process. The high degree of 
sensitivity of the procedure in quantitating the 
reaction is made possible by use of labeled tri-
methyl psoralen, which permits accurate chemical 
localization of the bound drug to cellular compo-
nents. With hydroxyapatite column chromatogra-
phy we showed that the TMP was bound to native 
DNA, resistant to heat denaturation, presumably 
because the drug had formed cross-links between 
the two strands of the polynucleotide. 
Measuring cell survival and uptake of 3H thymi-
dine by autoradiography, Kitano and Hu [15] 
have reported that pigmented melanoma cells in 
vitro are less susceptible than nonpigmented cells 
to the effects ofUV irradiation. Johnson, Mandell, 
and Daniels [16], however, have presented data 
suggesting that melanin may actually enhance 
UV-promoted cellular injury. 
Both the pigmented and nonpigmented lines 
used in these experiments were derived from the 
Cloudman mouse melanoma and are similar ex-
cept for the presence of pigment. Our data indi-
cate that the presence of melanin pigment does 
not protect cultured murine melanoma cells, 
growing in monolayer, from the UV-promoted 
binding of trimethyl psoralen to cellular DNA. 
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Fro. 4. Elution of tritiated DNA from lysate of mela-
noma cells. Two 30-ml plastic flasks containing conflu-
ent cultures of nonpigmented Cloudnian mouse mela-
noma cells, grown in the presence of tritiated thymidine 
in order to label the DNA, were trypsinized, lysed with 
Sarkosyl and treated with RN ase and pronase as de-
scribed. Distilled water and 0.4 M sodium phosphate 
were added to each lysate to give final solutions (5 ml) 
containing 0.05 M sodium phosphate. One solution was 
heated to 100° C. Each sample was loaded on a 1-ml 
column of hydroxyapatite. The columns were washed 
with the stepwise addition of 5 x 10- 2 M sodium 
phosphate (5 ml); 10- 1 M sodium phosphate (4 ml); 2 x 
10- 1 M sodium phosphate (5 ml); and 4 X 10- 1 M 
sodium phosphate (10 ml); and fractions (1 ml) were 
collected. Aliquots (5 x 10- 2 ml) from each sample were 
counted for radioactivity in DNA and expressed as 
percent of total counts. •-•-• unheated sample. 
0-0-0 sample heated to 100° C for 20 min. 
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FIG. 5. Elution of tritiated trimethyl psoralen from 
lysate of irradiated melanoma cells. To a 30-ml flask 
containing a confluent culture of unlabeled nonpig-
mented Cloudman mouse melanoma cells was added 
tritiated trimethyl psoralen (3H TMP) to give a concen-
tration of 3.3 x 10- ' M TMP. The closed flask was then 
irradiated for 90 min with a lamp producing 100 ergs/ 
mm 2/sec of UV light at 365 nm. Cells were harvested, 
lysed, treated with RN ase and pronase, heated to 100° 
C, and subjected to hydroxyapatite column chromatog-
raphy as described in the legend of Fig. 4. During the 
stepwise addition of increasing concentrations of sodium 
phosphate, fractions (1.0 ml) were collected. Aliquots 
(0.5 ml) were counted for radioactivity due to tritium 
and plotted against fraction num her. Except for some 
counts recovered while the sample was being loaded on 
the column, all counts from 3H TMP appeared in the 
position where native DNA was expected to be recov-
ered. 
Initially surpnsmg to us, these findings are not 
implausible considering the intracellular location 
of melanin, packaged within cytoplasmic melano-
somes. Since similar results were obtained using 
suspensions of detached pigmented and nonpig-
mented melanoma cells, the data cannot be ex-
plained by the predominately dendritic location of 
melanosomes of cells in monolayer. The experi-
mental results suggest, and subsequent studies 
seem to substantiate [17 ], that the shielding effect 
from UV irradiation afforded to pigmented tissues 
by melanin depends upon pigment dispersion [18 J 
and cell compaction in the outmost epidermis, 
providing protection to the DNA of underlying 
cells. 
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